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Transverse chromatic aberration (TCA) smears retinal images of peripheral stimuli. In reading, text infor-
mation is extracted from both foveal and near fovea, where TCA magnitude is relatively small and vari-
able. The present study investigated whether TCA signiﬁcantly affects near foveal letter identiﬁcation.
Subjects were brieﬂy presented a string of ﬁve letters centered one degree of visual angle to the left or
right of ﬁxation. They indicated whether the middle letter was the same as a comparison letter subse-
quently presented. Letter strings were rendered with a reddish fringe on the left edge of each letter
and a bluish fringe on the right edge, consistent with expected left periphery TCA, or with the opposite
fringe consistent with expected right periphery TCA. Effect of the color fringing on letter recognition was
measured by comparing the response accuracy for fringed and non-fringed stimuli. Effects of lateral
interference were examined by manipulating inter-letter spacing and similarity of neighboring letters.
Results demonstrated signiﬁcantly improved response accuracy with the color fringe opposite to the
expected TCA, but decreased accuracy when consistent with it. Narrower letter spacing exacerbated
the effect of the color fringe, whereas letter similarity did not. Our results suggest that TCA signiﬁcantly
reduces the ability to recognize letters in the near fovea by impeding recognition of individual letters and
by enhancing lateral interference between letters.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
Human ability to recognize a visual stimulus, or visual acuity,
decreases with greater image eccentricity from the fovea (Berkley,
Kitterle, & Watkins, 1975; Dakin & Hess, 1997; Low, 1951). Numer-
ous studies have identiﬁed retinal neuronal density and cortical
magniﬁcation as the main factors for determining visual acuity in
periphery (Cowey & Rolls, 1974; Croner & Kaplan, 1995; Hirsch &
Curcio, 1989), but achromatic and chromatic optical aberration
have also been shown to affect visual acuity across the retina
(Anderson, Mullen, & Hess, 1991; Banks, Geisler, & Bennett,
1987; Campbell & Gubisch, 1966; French, Snyder, & Stavenga,
1977; Ogboso & Bedell, 1987; Williams, 1985).
Transverse chromatic aberration (TCA) results from chromatic
dispersion and causes a wavelength-dependent displacement in
the retinal image (Howarth, 1984; Marcos, Burns, Moreno-Barriu-
sop, & Navarro, 1999; Rynders, Lidkea, Chisholm, & Thibos, 1995;
Thibos, Bradley, Still, Zhang, & Howarth, 1990). Fig. 1A shows
how chief rays from two light sources, away from the achromatic
axis, are refracted at the principle plane of the lens in a reduced-
eye model (Thibos et al., 1990). The short wavelength (blue) is re-
fracted more than the long wavelength (red) light. Therefore, for all rights reserved.
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Yang).stimulus in the left periphery, TCA could cause a perceivable bluish
band at the right edge of its retinal image, and a reddish band at
the left. When the stimulus is in the right periphery the opposite
effect is expected. The amount of TCA increases with greater retinal
eccentricity. TCA magnitude can be predicted from the different
refractive properties of the ends of the visible spectrum (434 nm
vs. 687 nm) at different eccentricities, as shown in Fig. 1B (Ho-
warth, 1984; Marcos, Burns, Prieto, Navarro, & Baraibar, 2001;
Ogboso & Bedell, 1987; Rynders et al., 1995; Simonet & Campbell,
1990; Thibos, 1987; Thibos, Cheney, & Walsh, 1987; Thibos et al.,
1990). In line with this prediction, empirical studies have shown
TCA to be small in the fovea and increasingly larger with greater
eccentricity, although substantial discrepancy has been observed
between the predicted and observed TCA that were measured with
resolution acuity and detection acuity (minimum angle of resolu-
tion and detection for luminance gratings, Thibos et al., 1987), as
well as vernier acuity (two-dot vernier, Westheimer, 1982), as
shown in Fig. 1B (Thibos et al., 1990).
The effect of TCA on individual’s everyday visual performance,
such as reading, has received little scrutiny. The human visual sys-
tem can only extract detailed visual information, such as letter
identify, from a limited visual span. As noted in Fig. 1B, in English
reading the processing of letter identity is limited to within 4 of
eccentricity in the right periphery, and is thought to be even smal-
ler (less than 2) in the left (McConkie & Rayner, 1976). Corre-
spondingly, as shown in Fig. 1C, a letter placed at 2.8
Fig. 1. Illustration of transverse chromatic aberration (TCA) and its effect size in relation to retinal eccentricity. (A) Ray diagram of TCA on the displacement of blue and red
retinal image of peripheral stimuli displayed on a reduced-eye model. The diffraction point is on the principle plane along the principle axis that is achromatic. (B) Predicted
TCA expressed in visual acuity, as deﬁned by the difference in Fraunhofer G-line (434 nm) and B-line (687 nm), and the observed TCA effects on visual acuity based on
resolution, detection, and vernier threshold, as depicted in Thibos et al. (1990) on page 45. Also illustrated is the assumed visual span in reading in the right periphery
(McConkie & Rayner, 1976). (C) Expected TCA effect sizes at 2.8 and 8 eccentricities and their relative ratios to different font sizes. One third of a pixel (or one sub-pixel) and
one full pixel displacement between blue and red images were expected for these two eccentricities respectively. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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3 pixel or a sub-pixel displacement with 50 cm viewing distance),
and 2.7 min of arc (1 full pixel) for 8 eccentricity. The predicted
TCA effect within this range therefore appears quite small, suggest-
ing that the smearing of letter image associated with the TCA
might not be signiﬁcant enough to affect reading performance. In
line with this, some recent studies have shown that the effect size
of TCA on visual acuity in the near fovea is small and highly vari-
able among individuals (Rynders et al., 1995; Williams, 1985),
and it is difﬁcult to ascertain the contribution of TCA to reduced vi-
sual acuity in the near fovea compared to other optical factors
(Marcos et al., 2001). Therefore, being able to reliably measure
how the TCA affects text processing in the near fovea would beneﬁt
our understanding of the complex variables at play during reading.
In addition to smearing the image of individual letters in the
near fovea, TCA also likely affects letter processing by increasing
lateral interference, or crowding effect, from adjacent letters (Bah-
call & Kowler, 1999; Bouma, 1973; Johnson & McClelland, 1980).
Here lateral interference refers to the negative impact adjacent let-
ters have on the identiﬁcation of a target letter. TCA might enhance
lateral interference in two critical ways. First, the color fringe cre-
ated by the TCA likely reduces the amount of inter-letter spacing.
CT-rendered letters within a word therefore might appear con-
nected physically, and this would lead to difﬁculty in segmenting
individual letters or chunking them into meaningful units (Johnson
& McClelland, 1980). Second, the color fringe likely degrade the
structure of individual letters so much that visual features from
individual letters are erroneously integrated. This would lead to
the difﬁculty in correctly identifying individual letters or result
in the misidentiﬁcation of these letters (Bahcall & Kowler, 1999;
Bouma, 1973).
To investigate the contribution of TCA in determining letter rec-
ognition ability in the near fovea, we asked subjects to view a
string of letters presented in the near fovea and to identify the
middle letter. Letter strings were centered at 1 to the left or to
the right of fovea, with the entire string occupying a 2 visual span.
TCA effects were measured based upon response accuracy to let-
ters with artiﬁcial horizontal color fringes. The color fringe was ex-pected to exacerbate or reduce the accuracy of letter recognition
depending upon the presentation location relative to the fovea.
This allowed the TCA effect to be measured independently of other
optical factors. We also manipulated the inter-letter spacing and
the similarity of neighbor letters. Color-fringed letters should pro-
duce a greater amount of lateral interference when inter-letter
spacing is narrowed, and when neighboring letters are more simi-
lar to the target letter, making identiﬁcation of the target letter
more difﬁcult.2. Methods
2.1. Subjects
Thirty-one native English speakers (34% male, average age: 23.7
yrs) with normal or corrected visual acuity of 20/20 or better, were
recruited from the Paciﬁc University community for either mone-
tary compensation or for course credit. Before participating in
the experiment, each subject read and signed a consent form ap-
proved by the Paciﬁc University Institutional Review Board for Hu-
man Subjects.2.2. Materials
Twelve hundred ﬁve-letter strings were created as test stimuli.
The image of each string was created with one of the four render-
ing methods, Black&White (B&W), Grayscale (GS), RGB-ordered
ClearType (RGB-CT), and BGR-ordered ClearType (BGR-CT). The
four neighboring letters in the letter strings (beside the middle let-
ter) were sampled from the same group of letters (aceos, bdhk,
gpqy, ﬁjlt, mnur, and wvxz). The inter-letter spacing was created
with the default (narrow) spacing (2 pixels or 5.4 min of arc with
a 50 cm viewing distance) or double (wide) spacing (4 pixels or
10.8 min of arc). Eleven-point Consolas font (each letter extending
7 pixels or 18.7 min of arc horizontally) was chosen to render the
letter strings because it is mono-spaced, thus permitting more pre-
cise control of the lateral interference effect within a letter string.
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of three sub-pixels, ordered from left to right either as red, green,
and blue (RGB) or as blue, green and red (BGR). Most of current
LCD monitors are of RGB conﬁguration. In the present study, an
LCD screen with RGB sub-pixels was used to display the stimuli.
The luminance of the three sub-pixels can be independently con-
trolled to shift the apparent position or the orientation of a line.
The differential luminance of these sub-pixels cannot be discerned
visually but in aggregate appears as a single color pixel to the hu-
man eye due to neural spatial integration.
On a computer screen, a character with small font size appears
jagged due to the pixel conﬁguration of the computer displays and
is much more difﬁcult to recognize compared to the character
printed on paper. An anti-aliasing method can be employed to
smooth the text appearance by differentially tuning the luminance
of individual pixels or sub-pixels adjacent to the character stroke.
Current text-rendering methods for LCD display (e.g., ClearTypeFig. 2. Example of sub-pixel rendering and test stimuli, and the effects of color fringing.
its position in relation to individual sub-pixels. The actual size of the letter width and the
and right near fovea on the retinal image of color-fringed letters created with CT renderin
by TCA. Note that the illustration reﬂects the direction but not the precise sub-pixel shift
The degree of visual angle for default and double spacing is illustrated. (For interpretati
version of this article.)or CT) use anti-aliasing to smooth horizontal text appearance by
manipulating the light intensity of individual sub-pixels; however,
this creates horizontal color fringes around letters. Depending on
the direction of graded light intensity, text rendered in RGB-or-
dered ClearType (RGB-CT) shows a red fringe on the left and blue
on the right, while CT text rendered in BGR-order (BGR-CT) creates
the opposite with the blue fringe on the left and red on the right.
Fig. 2A shows example RGB-CT and BGR-CT letters employed in
the current study. Both the enlarged images (upper panel) and
their positions in relation to LCD sub-pixels (lower panel) are
shown. Images were generated using a special program ‘‘CTRAS”
developed by Microsoft to manipulate CT text-rendering settings.
The program enables control of both text-smoothing and color-
fringing characteristics. As shown in Fig. 2A, the color-fringed
sub-pixels create an anti-aliasing effect by ﬁlling in the jagged let-
ter strokes to approximate the appearance of the stroke on printed
material. The Gaussian ﬁltering was set at the highest level, which(A) Extremely magniﬁed letter ‘‘a” with RGB and BGR ClearType (CT) rendering, and
amount of color fringe are illustrated. (B) Expected direction of TCA effect in the left
g. One full sub-pixel of shift, which equals 0.9 min of arc, is expected to be generated
. (C) Example letter strings with different types of font rendering and letter spacing.
on of the references to color in this ﬁgure legend, the reader is referred to the web
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three sub-pixels to maximize the intensity of color fringe.
Fig. 2B shows the expected effects of TCA on the retinal image of
RGB- and BGR-rendered text. It shows the size of color fringe (1
pixel or 2.7 min of arc), horizontal letter size (6 pixels or
16.2 min of arc), and the size of inter-letter space (normal: 2 pixel
or 5.4 min of arc; wide: 4 pixel or 10.8 min of arc) for CT letters.
The amount of image alteration due to TCA shown here is basedFig. 3. Experimental paradigm. In each trial, a letter string is displayed at the left or right
Letter position (left or right), inter-letter spacing (default or doubled) and the similarity
trial to trial.
Fig. 4. Effect of TCA on response accuracy in letter recognition in relation to letter positio
difference of a < .05 for the corresponding conditions in response accuracy. (A) Respons
Response accuracy in the right periphery and with narrow spacing. (C) Response accura
periphery and with wide spacing.on the expected TCA effect at 1 eccentricity (.33 min of arc, as pre-
dicted in Fig. 1B; empirical observations suggest however, a .28 arc
min effect, see Thibos et al., 1990).
Fig. 2C shows example letter strings rendered in Black&White
(B&W), Grayscale (GS), RGB-CT, and BGR-CT, with normally- or
double-spaced 11-point Consolas font. The different reddish and
bluish colors in RGB-CT and BGR-CT text shown here are the results
of different ratios of light intensities of red, green, and blue sub-of ﬁxation point, with the center of the letter string 1 away from the ﬁxation point.
of neighbor letters (within or between letter group) were alternated randomly from
n and spacing. A lack of overlap for any two boxes indicates a statistically signiﬁcant
e accuracy in letter recognition in the left periphery and with narrow spacing. (B)
cy in the left periphery and with wide spacing. (D) Response accuracy in the right
S.-n. Yang et al. / Vision Research 49 (2009) 2881–2890 2885pixels. A stronger light from the red sub-pixel compared to the blue
sub-pixel would lead to a more reddish appearance. Aliased B&W
text was used as the control condition for measuring the effect of
both color fringe and anti-aliasing characteristics. For rendering
B&W letters, the three sub-pixels were turned on or off together
in relation to the background, resulting in only two levels of light
intensities, which removed both the anti-aliasing smoothing and
the appearance of color fringe. GS images are anti-aliased without
color fringing and were created to measure the effect of color fring-
ing independent of the anti-aliasing effect. GS images were given
similar anti-aliasing as CT-rendered images by differentially tuning
the light intensity of individual pixels to smooth the letter appear-
ance; color fringing was avoided by tuning the intensity of all three
sub-pixels to the same level for each pixel. As result, the effects of
color fringe and anti-aliasing can be independently examined by
comparing recognition of the same letter rendered in CT (color-
fringed and anti-aliased), GS (anti-aliased but not color-fringed),
and B&W (no color fringe and aliased).
Note however that, due to the implementation of anti-aliasing,
the physical extent of CT and GS letters was 1–2 pixels wider than
B&W text, although the main body of the letter (black stroke) was
identical. The spacing between letters was adjusted accordingly so
that the distance between the centers of adjacent letters in these
four conditions was the same, although the distances between
the adjacent letter borders may vary.
2.3. Apparatus
A Pentium 1.8 GHz Dell personal computer was used to conduct
the experiment and generate the stimuli. Experiment Builder soft-Fig. 5. Effect of TCA on response accuracy in relation to letter position and neighbor sim
with similar neighbors. (B) Response accuracy in the right periphery and with similar neig
Response accuracy in the right periphery and with dissimilar neighbors.ware (SR Research, 2008) was used to script the experiment and
control the progress of trials. A 19” LCD monitor with RGB sub-pix-
el order (1024  768 pixel screen resolution) with a 60 Hz vertical
refresh rate was used to display the image. A chin-forehead rest
was used to stabilize the subject’s head and to maintain the view-
ing distance (50 cm) and angle (perpendicular to the screen
surface).
2.4. Procedure
The experiment lasted for about one hour. Each subject con-
ducted forty blocks of trials and brief breaks were arranged be-
tween trial blocks. In each block, the subject completed 30 trials.
Fig. 3 shows the stimuli sequence for a trial in which one of the
four attributes was varied (font rendering, letter position, letter
spacing, and neighbor similarity). Each trial began when the sub-
ject pressed the space bar to bring up a ﬁxation point. The lower-
case 5-letter string was displayed at one of the two near foveal
positions 500 ms after the onset of the ﬁxation point. Presentation
time for the near foveal letter string was limited to 120 ms in order
to prevent saccadic foveation. Two hundred milliseconds after the
offset of the letter string, an uppercase comparison letter was dis-
played in the center of the screen indeﬁnitely. The use of uppercase
comparison letters was to allow the accuracy of lexical decision
while reducing direct visual priming effect from letters in the
string. Subjects used the keyboard to indicate whether the middle
letter in the 5-letter string presented near foveally was the same as
the comparison letter that followed the string. They were asked to
respond as accurately as possible and no time limit was imposed
for making a response. This subject response terminated a trial,ilarity. Same illustration as in Fig. 4. (A) Response accuracy in the left periphery and
hbors. (C) Response accuracy in the left periphery and with dissimilar neighbors. (D)
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string attributes were randomized across trials. In order to discour-
age and account for guessing, the comparison letter was set to have
50% chance of being the same as the middle letter in the string. The
neighboring letters could be one of the six letter groups but never
the same as the middle letter. The frequency of the letter groups
were the same so that there was a 16.7% chance that the neighbor-
ing letters in the string belonged to the same letter group as the
middle letter, and an 83.3% chance they did not.2.5. Data analysis
Correct response percentages were calculated based on font
rendering, letter position, letter spacing, and letter similarity. Re-
peated measures ANOVAs were used to evaluate the within-sub-
ject effect of font rendering on response accuracy in relation to
letter position, letter spacing, neighbor similarity and visual acuity.
Mauchly’s test of sphericity was conducted to determine if the var-
iance of response accuracy in each condition is equal and a signif-
icant violation of such assumption was treated with Greenhouse–
Geisser correction (Vonesh & Chinchilli, 1997). Choice probability
(CP) analysis for individual performance was conducted, based
on the percentages of correct responses and false alarms for each
subject (Green & Swets, 1966). A mean CP for all subjects was gen-
erated for each condition using the following equation:
CP ¼
Xk
i¼1
½2piy2 1=2=ð½2pix2 1=2 þ ½2piy2 1=2Þ=k
In the above, pix and piy are the percentages of false alarm and
correct hits for subject i in a speciﬁc condition. Parameter k is
the number of subjects.Fig. 6. Choice probability (CP) for different font renderings with narrow spacing. (A)
corresponding correct choice (X axis) and false alarm (Y axis) for the same subject. (B)
renderings in left and right peripheries. A lack of overlap between boxes indicates a sig3. Results
3.1. Response accuracy
Response accuracy was computed in relation to font rendering
methods (B&W, GS, RGB-CT or BGR-CT), letter position (left or
right), letter spacing (normal or wide), and letter similarity (similar
or dissimilar). Results of four-way repeated measures ANOVAs
show that there was a signiﬁcant effect from font rendering
(F(3, 72.371) = 8.090, p < .001) and spacing (F(1, 30) = 38.085,
p < .001), but not letter position (F(1, 30) = .415, p = .525) and letter
similarity (F(1, 30) = 1.012, p = .137). There were interactions be-
tween spacing and letter position (F(1, 30) = 34.706, p < .001),
spacing and font rendering (F(3, 71.139) = 4.162, p = .013), letter
position and font rendering (F(3, 69.380) = 7.988, p < .001). There
were no interactions between letter similarity and font rendering
(F(3, 50.755) = 2.596, p = .077), letter position and similarity
(F(1, 24) = .086, p = .772), and letter spacing and similarity
(F(1, 47.232) = .816, p = .373). There was signiﬁcant three-way
interaction among letter rendering, letter position and letter spac-
ing (F(3, 49.332) = 73.612, p < .001) but not among letter rendering,
letter position, and letter similarity (F(3, 50.715) = 1.203, p = .313)
or among letter position, letter spacing and letter similarity
(F(3, 42.623) = 0.943, p = .523). No four-way interaction was found
(F(3, 41.628) = 1.412, p = .308).
3.1.1. Letter rendering  letter position  letter spacing
Fig. 4 illustrates the correct percentages based on font render-
ing, letter position, and letter spacing. In the ﬁgure, the percent-
ages are statistically different (a < .05) if their respective boxes
do not overlap with each other. In Fig. 4A, when the letter string
was presented to the left and the spacing was narrow, artiﬁcial col-
or fringing affected response accuracy signiﬁcantly (BGR-CP values for letters presented in the right periphery. Each symbol indicates the
CP values in the left periphery. (C) Mean choice probability (CP) for different font
niﬁcant difference of a < .05 in CP value.
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presented to the right and the spacing was narrow, the opposite ef-
fect was found (RGB-CT > B&W > BGR-CT = GS). Fig. 4C and D de-
pict results from letters with wide spacing. The effect of color
fringing was similar but smaller in the right periphery and non-sig-
niﬁcant compared to B&W in the left periphery, although the dif-
ference between RGB-CT and BGR-CT was signiﬁcant respectively.
Note that in all conditions GS letters had similar effect to that of
BGR-CT. However, since GS has no color fringing, the effect cannot
be attributed to TCA but rather to the anti-aliasing characteristics
that might also affect letter recognition (see Section 4).
3.1.2. Letter rendering x letter position x letter similarity
Fig. 5A and B show that when the neighboring letter was similar
to the target letter, there was no signiﬁcant effect from font ren-
dering in the left periphery, but there was a signiﬁcant difference
between RGB-CT and BGR-CT in the right periphery. Note that their
conﬁdence intervals are large because of the lower number of cases
(1/5 of dissimilar cases). Fig. 5C and D show that with dissimilar
neighbors, similar effects of font rendering were obtained from left
and right periphery respectively, but with smaller conﬁdence
intervals. Note that the response accuracy was much higher for
all conditions with dissimilar neighbors. This suggests that neigh-
bor similarity had an effect on the ability of identifying the middle
letter, but did not interact with the TCA effect on affecting letter
recognition.
3.2. Choice probability analysis
Valid measurement of response accuracy in the present study
was dependent upon the subject carefully determining whether
the middle letter was the same as the subsequent comparison let-Fig. 7. Choice probability (CP) for different font renderings with wide spacing. (A) CP val
values in the left periphery. (C) Mean choice probability (CP) for different font renderings
difference in CP value.ter. Individual subjects might have had a tendency to respond with
a yes (false positive) or no (false negative) when they were not cer-
tain about the identity of the letter. To examine this, we plotted the
relationship between correct hits and false alarms for all subjects
for trials with different font renderings and letter positions. Choice
probability (CP) values for each condition for each subject were
calculated based on the amount of deviation from the unity line
(correct hits = false alarm), to indicate how sensitive the subjects
were to the stimulus (see Section 2). Systematic guessing should
lead to a CP value equal to 0.5.
Fig. 6A and B show the plots for correct hits and false alarms
with narrow spacing, with each point representing the perfor-
mance of a subject with a speciﬁc rendering method. They show
that most subjects’ performance reﬂected good decision-making
instead of guessing. More individuals show greater deviation from
the unity line with BGR-CT than RGB-CT in the left periphery
(Fig. 6A), and the opposite in the right periphery (Fig. 6B). Fig. 6C
shows the mean CP values for all subjects. The lack of overlap be-
tween bars indicates a signiﬁcant difference in the mean CP values.
It conﬁrms that in the left periphery, there was greater overall sen-
sitivity for BGR-CT letters than RGB-CT letters. With the target
positioned to the right, the opposite was observed.
Fig. 7A reveals no difference in sensitivity between different
font renderings in the left periphery with wide spacing. Fig. 7B
shows a signiﬁcant effect from font rendering on response sensitiv-
ity in the right periphery with wide spacing, with the BGR-CT con-
dition showing an overall smaller deviation from the unity line
than RGB-CT condition. Fig. 7C conﬁrms that the CP is much higher
for RGB-CT than BGR-CT in the right periphery. Taken together,
these ﬁndings clearly suggest that subjects decided on the identity
of the middle letter in the string based on the available visual infor-
mation, rather than purely guessing. TCA affects the ability to rec-ues for letters presented in the right periphery. Same illustration as in Fig. 6. (B) CP
in left and right peripheries. A lack of overlap between boxes indicates a signiﬁcant
2888 S.-n. Yang et al. / Vision Research 49 (2009) 2881–2890ognize near-foveally presented letters and this effect is magniﬁed
by narrower letter spacing. This effect was relatively consistent
across subjects.
3.3. Asymmetry of TCA effect
Consistent with previous ﬁndings (McConkie & Rayner, 1975;
Rayner, 1975), our subjects’ ability to recognize letters in the left
periphery was worse than in the right periphery, as indicated by
the results from the B&W condition in Fig. 4. This asymmetry could
have resulted from the tendency for the subjects to attend more
closely to letters presented on the right, or it could have resulted
from greater TCA in the left. If the asymmetry resulted purely from
attention distribution rather than TCA, this asymmetry should be
removed by measuring the amount of change in the percentage
of response accuracy relative to the baseline condition (B&W) in
left and right periphery. Fig. 8 shows the ratios of change in re-
sponse accuracy for each subject when presented with BRT-CT or
RGB-CT letters in the left (Y axis) or right (X axis) periphery. The
ﬁgure shows that RGB-CT letters had a greater effect in the right
periphery (t(30) = 3.15, p = .003). In contrast, BGR-CT letters led
to a large increase in the ratio of change in the left periphery
(t(30) = 3.221, p = .004). No such asymmetry was found for RGB-
CT letters presented in the left periphery. These suggest the exis-
tence of asymmetry in the response accuracy in the left and right
periphery even after the effect of attention was removed.
In addition, the TCA effect appears to be consistent across sub-
jects, with few exceptions. As shown in Fig. 8, only 2 of 33 subjects
showed slight increase in response accuracy even when BGR letters
were displayed in the right periphery and a decrease in accuracy is
expected. Only 3 of 33 subjects showed decreased response accu-
racy when RGB letters were displayed in the right periphery and
an increase in accuracy is expected. However, in the left periphery,
4 (BGR) and 17 (RGB) out of 33 subjects showed a TCA effect incon-
sistent with the predictions, as shown by the data points located
below (for BGR-CT) and above (for RGB-CT) the horizontal merid-
ian. Furthermore, only 2 out of 33 subjects had the TCA effect
opposite to the predictions in both peripheries. It appeared that
the TCA effect is consistent across subjects, but deviated from the
prediction in the left periphery, especially when RGB letters were
presented.Fig. 8. Asymmetric effect of color fringe on letter recognition. The X axis indicates
the percentage of change in response accuracy in the right periphery and the Y axis
in the left periphery. Positive changes indicate increased accuracy and negative
changes decreased accuracy in comparison to the accuracy in the baseline (B&W)
condition.4. Discussion
The present study found that color fringe on the horizontal
edges of letters signiﬁcantly affected the accuracy of letter recogni-
tion in the near fovea (1 eccentricity). Color fringing opposite to
the expected TCA fringing facilitated letter recognition, i.e. RGB-
CT letters in the right periphery or BGR-CT in the left. Conversely,
color fringing consistent with the expected TCA impeded letter rec-
ognition, i.e. RGB-CT letters in the left periphery or BGR-CT in the
right.
Furthermore, the TCA effect appeared to interact with letter
spacing but not letter similarity. Narrower letter spacing resulted
in a greater TCA effect than did wider spacing. The TCA effect did
not vary for similar and dissimilar neighboring letters; although re-
sponse accuracy was generally higher with dissimilar neighboring
letters. Together, these ﬁndings suggest that TCA signiﬁcantly
diminishes one’s ability to process text in the near fovea; not only
by further reducing the near foveal acuity for individual letter pro-
cessing, but also by exacerbating lateral interference from adjacent
letters by crowding the space between them.
One of the critical questions raised in this study is whether TCA
in near fovea is signiﬁcant enough to reduce one’s ability to recog-
nize letters, as the expected size of TCA is small and there are large
discrepancies between theoretical predictions and experimental
observations (Thibos, 1987; Thibos et al., 1987, 1990). The other
question is whether individual differences play a role in determin-
ing the TCA effect in letter recognition, as previous studies have
shown that the TCA effect on near foveal visual acuity varies
greatly across individuals (e.g., Rynders et al., 1995). Our results
show an overall signiﬁcant TCA effect in the near fovea for most
subjects. Most of the TCA effects measured here are consistent with
our predictions, except the lack of consistent TCA effect when RGB-
CT letters were presented in the left periphery.
An individual’s ability to recognize a word has been broadly ex-
plained by an interactive model of signal processing (McClelland &
Rumelhart, 1981). Based on this model, the accuracy and latency of
letter identiﬁcation is affected by adjacent letters within the same
word (Johnson & McClelland, 1980). These studies show that de-
graded letters within a high frequency word facilitate recognition
of the whole word, but impede identiﬁcation of individual letters.
The latter effect is thought to result from lateral interference cre-
ated by the features of neighboring letters. A recent study in our
laboratory has shown that the threshold is lower for identifying a
letter in the fovea when the letter is presented alone, rather than
when it is embedded in a word, consistent with the hypothesized
lateral interference (Tai, Sheedy, & Hayes, 2006). This lateral inter-
ference is reduced when inter-letter spacing is wider. Similarly, the
present study suggests that lateral interference reduces ability to
recognize a letter within a letter string in the near fovea. More
importantly, our results show TCA effect was magniﬁed by the le-
vel of lateral interference. Therefore, in order to determine func-
tional visual acuity in the near fovea for everyday tasks, the
context within which the visual acuity is measured should be con-
sidered. Traditional measures of visual acuity provide little insight
on this type of contextual inﬂuence, and how TCA might affect vi-
sual acuity under such instances.
It is well established that when reading English, the reader has a
visual span for text processing that is not laterally symmetric to
the fovea, but instead is greater to the right (McConkie & Rayner,
1975, 1976; Rayner, 1975). This has been chieﬂy attributed to un-
evenly-allocated visual attention (Morrison, 1984; Reichle, Rayner,
& Pollatsek, 2004). Our present results are consistent with this
ﬁnding, demonstrating that response accuracy is better in the right
periphery in the control condition with B&W letters. After remov-
ing the likely attentional effect, however, we found that the TCA ef-
fect in the left periphery is still not symmetric; rather, the rate of
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periphery was larger than the rate of decrease for RGB-CT letters
in the left periphery (see Fig. 8).
The asymmetry in the effect of RGB-CT letters might result from
the different ability to recognize letters in the left and the right
periphery. In the right periphery visual acuity is better (e.g., lower
neural resolution limit) so that TCA is more likely to signiﬁcantly
affect letter recognition; in the left periphery, the ability to identify
letters is worse and near the ﬂoor, and TCA does not further reduce
this ability. Therefore, RGB-CT letters in the right periphery were
able to cancel out the TCA effect, consequently facilitating the abil-
ity of letter recognition; little reduction in response accuracy was
generated by the additional color fringe in the left periphery.
If the horizontal asymmetry results from neural resolution limit
rather than attention, such asymmetry should be attenuated or ab-
sent when comparing the difference in the vertically oriented TCA
on identifying vertically placed letters. However, reading vertically
oriented English letters likely is much more demanding and its re-
sults difﬁcult to be applied to typical reading processes. Neverthe-
less, this would be an interesting topic for future studies, such as
one that probes the effect of TCA on reading performance in Chi-
nese reading, which can be done either horizontally or vertically.
The effect of GS rendering on letter recognition was quite sur-
prising and not consistent with our predictions: we expected GS
to improve letter recognition in both peripheries and not be af-
fected by TCA. However, we found that subjects had similar asym-
metric performance in recognizing GS and BGR letters, namely
signiﬁcant increase in response accuracy in the left periphery and
decrease in the right periphery. This result should not result from
TCA, as there was no color fringing in GS font; rather, it is likely due
to the anti-alias rendering (smoothing) technique that improves
text appearance but reduces the integrity of letter contour. Based
on the hypothesis that in the right periphery the neural resolution
is better, the aliasing did not interfere with letter recognition and
the anti-aliasing GS consequently resulted in no change in re-
sponse accuracy; GS likely reduced text contrast due to the low
neural resolution limit and therefore interfered with letter identi-
ﬁcation. This would result in a net negative effect on letter recog-
nition. In contrast, in the left periphery the ability to recognize a
letter is worse due to the higher neural resolution limit. Anti-ali-
ased GS letters improved letter recognition in spite of the reduced
text contrast. The similar change in response accuracy with BGR
letters therefore could have also resulted from the anti-aliasing ef-
fect rather than color fringing. Note that RGB letters resulted in lit-
tle change in response accuracy in the left periphery. It is possible
that both the color fringe of RGB and BGR letters did not result in
signiﬁcant change in visual acuity in the left periphery, due to the
higher neural resolution limit there.
In the present study, we utilized only one commonly used font
size (11 point). However, it is clear that the effect of TCA on visual
acuity also depends on the ratio of the amount of TCA generated at
different eccentricities to the size of the image. The same amount
of TCA (e.g., 1/3 pixel displacement at 2.8 eccentricity) would cre-
ate a larger ratio of smearing effect to a letter image with a smaller
font size. Therefore, the improvement in letter recognition due to
the color fringe should be greater for smaller font sizes. Conversely,
our earlier ﬁndings showed that individuals tend to have a lower
size foveal threshold in identifying CT letters than B&W text dis-
played on a computer screen (Tai et al., 2006). Therefore, there ap-
pears to be a greater beneﬁt in adopting CT text display for smaller
font sizes.
Note that CT letters have slightly smaller inter-letter spacing
than B&W (the control condition) even when they had the same
spacing condition, due to the additional color fringe. Conversely,
the current ﬁndings show that smaller inter-letter spacing ap-
peared to enhance the TCA effect. Therefore, it is possible thatthe smaller spacing for CT letters relative to B&W letters exagger-
ated the observed reduction in response accuracy when the TCA
was opposite to the orientation of color fringe, and underestimated
the improvement in response accuracy when the TCA was consis-
tent with the orientation of color fringe. In line with these predic-
tions, we found that the reduction in response accuracy was larger
for BGR letters than the increase in accuracy for RGB-CT letters in
the right near fovea, as shown in Fig. 4. However, this pattern was
not observed in the left periphery, as the increase in response accu-
racy for BGR-CT letters was greater than the decrease in accuracy
for RGB-CT letters. Therefore, although there was a slight differ-
ence in the physical extend between CT and B&W letters, our
observations on TCA effect in the near fovea does not appear to
be fundamentally invalidated by this difference.
To conclude, the present ﬁndings show that TCA signiﬁcantly
affects the ability to recognize a letter in the near fovea. The accu-
racy of letter recognition in the right near fovea can be signiﬁcantly
increased if the orientation of color fringe is in RGB, and such
improvement is greater if the inter-letter space is small. The same
RGB-CT text however does not signiﬁcantly decrease response
accuracy in the left near fovea. Our ﬁndings therefore suggest that
RBG-rendered text might optimally enhance individual’s ability to
read text displayed on a computer screen.Acknowledgment
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